Metal-doped organosilica membranes for C3H6/C3H8 separation were fabricated via a sol-gel method. Al and Ag was selected as a doping material in the fabrication of metal-doped bis (triethoxysilyl) methane (BTESM) membranes, and the effects that doping materials exerted on the organosilica network size and on the C3H6/C3H8 permeation properties were evaluated. Gas permeance ratios such as H2/CH4, H2/C3H6, H2/C3H8, and C3H6/C3H8 were approximately independent of Ag concentration, indicating that network size did not change when doped Ag existed as Ag ions in BTESM networks, as suggested by the X-ray absorption fine structure (XAFS) spectrum. On the other hand, when Al was doped into BTESM, each permeance decreased as Al concentration increased, and the selectivity (H2/N2, H2/CH4) increased largely because of enhanced molecular sieving separation by densified networks. Ag-BTESM membranes showed negative values for activation energy ( 10 kJ mol -1 ) for C3H6 permeation, which were a much smaller values than those for BTESM ( 7 kJ mol -1
Introduction
One of the most attractive membrane-based separation systems in petrochemical industries is that used for the separation of olefin from paraffin, which are currently conducted by cryogenic distillation that requires an exorbitant amount of energy. The construction of a simple energy-conserving separation system could be possible via the introduction of a membrane-based separation with high membrane performance (permeance, selectivity and stability). However, the development of membranes for the separation of olefin from paraffin remains a challenge, because these molecules have similar molecular sizes and adsorptive properties.
Several published papers have focused on membrane fabrications such as polymer-electrolyte facilitated transport 1), 2) , polymers 3) , carbon-molecular sieves 4) 7)
, zeolite 8) 10) , ZIF-8 (ZIF-8, Zn(MeIM)2, MeIM: 2-methylimidazole) 11) 15) and amorphous silica 16) 19) , and separation properties of olefin from paraffin that strongly depended on the separation conditions (temperature, pressure and feed concentration). Those published papers suggest the importance of tailoring the pore size for improved molecular sieving separation, and controlling the adsorptive properties, particularly for olefin molecules. For example, although FAU-type zeolite membranes show Knudsen selectivity for C3H6/C3H8, due to the fact that the channel size is too large for separation, the separation factor can, however, be dramatically enhanced by exchanging ions for increased molecular sieving and affinity of C3H6 molecules with cations in the FAU zeolite 9) . The network structure of organosilica utilizing bis (triethoxysilyl) methane (BTESM) via a sol-gel method was suggested to be suitable for C3H6/C3H8 separation 17) , 18) , due to the fact that these membranes showed , Shinjiro HAYAKAWA 2) , Hiroki NAGASAWA 1) , Tomohisa YOSHIOKA 1) , and Toshinori TSURU 1) comparable C3H6/C3H8 permeation properties with ZIF-8 membranes 11) 15) , which showed high diffusive separation of C3H6/C3H8 through six-ring cages that are 0.4 nm in size. Organosilica membranes have shown a relatively high C3H6/C3H8 permeance ratio at 200 , where a negligible amount of adsorption occurred, and C3H6/ C3H8 separation properties were increased with decreases in temperature 18) . The incorporation of metal/ions/oxide in a silica structure via a sol-gel method is well known to dramatically change the physicochemical properties of silica, such as improved hydrothermal stability and enhanced affinity for specific molecules 20) 28) . Several studies have reported enhanced C3H6 adsorptive properties when metal ions such as Ag and Cu were incorporated in the SiO2 structure 26) 28) . Stoitsas et al. 28) evaluated the C3H6 and C3H8 adsorptive properties of micro porous SiO2 and Ag /SiO2 gels, and confirmed an enhanced C3H6/C3H8 adsorption selectivity. They concluded that the incorporation of Ag ions created π-complexation interactions between the double bond in C3H6 and transition metal cations; also, the diffusion and/or sorption of C3H8 molecules was hindered by the introduction of a C3H6 selective adsorption site.
In our previous work, aluminum was doped into the organosilica networks to control the affinity of C3H6 molecules that was caused by the interactions between the π-bonds of C3H6 molecules, the electric charge balance of Al ions, and the molecular sieving separation by Al-BTESM networks 29) . The C3H6/C3H8 selectivity depended on the Al concentration, and showed a maximum of approximately 40 at 10 mol% (Al concentration). The increased trend in C3H6/C3H8 selectivity at Al concentrations lower than 10 mol% can be caused by the increased molecular sieving separation, while decreases higher than 10 mol% can be ascribed to the dense networks, due to the fact that the permeance of C3H6 for Al-BTESM (Si/Al 8/2) was decreased to approximately 1/30 that of BTESM membranes. The problem with Al-BTESM membranes was a drastic decrease in the C3H6 permeance caused by the incorporation of Al in the BTESM networks and/or coordination with Si _ OH groups based on the characterization of 27 Al MAS NMR. In the present study, Ag was selected as a doping material to fabricate Ag-doped BTESM membranes for C3H6/C3H8 separation, and to evaluate the effect of Ag concentration on organosilica network size and C3H6/ C3H8 permeation properties by measuring the temperature dependence and the molecular size dependence of gas permeance. Doped Ag in a network structure was characterized via X-ray absorption fine structure (XAFS) spectroscopy at the Ag L3 edge, because of its elemental selectivity and a strong sensitivity to the chemical state 30) . Binary separation was conducted for Ag-BTESM membranes to evaluate the effects of pressure ratio (feed pressure/permeate pressure) and temperature on the C3H6/C3H8 separation properties.
Experimental

1. P r e p a r a t i o n o f A g -B T E S M S o l a n d
Membrane Fabrication A specified amount of bis (triethoxysilyl) methane (BTESM) and AgNO3 (Si/Ag molar ratio: 9.5/0.5, 9/1 and 8/2) was added to ethanol under vigorous stirring for a complete dissolution of AgNO3. After confirming the dissolution of AgNO3, water and HNO3 was added to this solution at 25 under vigorous stirring for 12 h to promote hydrolysis and polymerization of the BTESM. The molar ratio of BTESM/EtOH/H2O/ HNO3 was 1/28/200/0.1, and the weight % of BTESM was maintained at 5.0 wt%.
Ag-BTESM membranes were fabricated on porous α-alumina tubes with 50 % porosity and an average pore size of 1 μm. Before coating the Ag-BTESM sol onto an alumina substrate, a SiO2 _ ZrO2 intermediate layer with an average pore size of less than 2 nm was formed to prevent the penetration of the Ag-BTESM sol into the substrate. Then, the Ag-BTESM sol (Si/Ag 9.5/0.5, 9/1, 8/2) was diluted to 0.5 wt% and coated onto an intermediate layer to form an active layer for gas separation, followed by drying and calcination at 200 under an air atmosphere.
Characterization of Ag-BTESM Membrane
X-ray absorption fine structure (XAFS) measurements were carried out using the BL11 at the Hiroshima Synchrotron Research Center (HSRC) 31) . Synchrotron radiation from a bending magnet was monochromatized with a Si (111) double-crystal monochromator. An air-filled ionization chamber was used to monitor the incident beam intensity. The sample was placed in a He-filled chamber, and the angle between the incident X-rays and the sample surface was 20 degrees. A commercial SDD (Amptek, Super SDD) was placed normal to the beam in the plane of the orbit, which allowed the X-ray fluorescence yield (XFY) and conversion electron yield (CEY) to be monitored simultaneously. A fraction of the Ag-BTESM membrane was placed onto a piece of adhesive tape, and the outer surface of the sample was investigated. The incident X-ray energy was not calibrated around the Ag L3 edge.
3. Single-gas Permeation and Binary Separation
Measurement Single-gas permeation and binary separation was conducted using the experimental apparatus shown in Fig. 1 18)
. Gas with a high purity (He, H2, CO2, N2, CH4, C3H6, C3H8) was fed to the outside (upstream) of a cylindrical membrane at 200-400 kPa, and the permeate side was maintained at atmospheric pressure. An electric furnace was used to control the temperature of the permeation cell at 50 to 200 . A bubble film meter was used to measure the permeation rate.
Binary separation was conducted at temperatures from for each membrane at 200-400 kPa on the feed side and at atmospheric pressure on the permeate side. The mole fraction of C3H6 in the feed gas mixture was controlled by each of the flow rates for both C3H6 and C3H8. The flow rates on both sides (upstream, downstream) were measured using a bubble film meter, and the gas composition was analyzed by gas chromatography using a thermal conductivity detector (TCD, column: Unibeads 1S 80/100, GL Science, Japan).
Results and Discussion
1. Effect of Doped Material (Al, Ag) on Gas
Permeation Properties and Network Size Figure 2(a) shows the molecular diameter depen- , Ag-BTESM (Si/Ag 9/1)) Membranes dence of gas permeance at 200 for BTESM and metaldoped BTESM (Al-BTESM (Si/Al 9/1) 29) and Ag-BTESM (Si/Ag 9/1)) membranes. Even though each membrane was fabricated using the same number of sol coats and under the same calcination conditions (200 , air), the metal-doped BTESM (Al-, Ag-) membranes showed less gas permeance than the BTESM membrane. For example, the Ag-BTESM (Si/Ag 9/1) membrane showed a H2 permeance of 2.1 10 -6 mol m -2 s -1 Pa -1 , which was approximately 50 % that of the BTESM membrane.
The Al-BTESM (Si/Al 9/1) membrane showed a H2 permeance that was comparable to that of the Ag-BTESM, but its permeance with gases that has a molecular diameter larger than CO2 was much smaller than that of the Ag-BTESM (Si/Ag 9/1), which resulted in a high degree of H2 selectivity (H2/CH4: 820, H2/C3H8: 7300). The C3H6/C3H8 selectivity of the Al-BTESM membrane was 24.1, which was much higher than that for either the Ag-BTESM or the BTESM ( 10), but the permeance for C3H6 was approximately 1/5 and 1/3 that of BTESM and Ag-BTESM, respectively. , Ag-BTESM (Si/Ag 9/1)) membranes. The dash line in that figure represents the calculated dimensionless permeance based on He under the Knudsen mechanism.
The permeation cutoff of BTESM and metal-doped BTESM membranes appeared to roughly follow the range of a Knudsen mechanism for He (0.26 nm) and CO2 (0.33 nm). The Al-BTESM membrane showed the sharpest cutoff between H2 and gases with a molecular size larger than N2, which was much higher than the value expected for a Knudsen diffusion (H2/N2 Knudsen selectivity: 3.64). The Ag-BTESM (Si/Ag 9/1) membrane showed approximately the same gas selectivity as BTESM, indicating that network size did not change when Ag was doped into the BTESM networks. Thus, it can be concluded that the order of pore size was as follows: BTESM, Ag-BTESM Al-BTESM.
The doped Ag in the network structure was characterized via the XAFS spectrum. Figure 3 shows the Ag L3-edge XAFS spectra of Ag-metal and Ag-BTESM (Si/Ag 9/1) membranes. The XAFS spectrum of Ag-BTESM membranes was different from that of the Ag metal versions, and the higher energy shift of the absorption edge compared with that of the Ag metal indicated that the Ag in the sample was in an oxidized state (Ag2O). The nature of the edge peak observed at the Ag L3 edge was investigated for various compounds 31) , and the peak intensity was related to the covalency between Ag and the ligand. Though the nearest neighbor to the Ag was not identified, the relatively low peak intensity of approximately 3.36 keV indicated that the bond between Ag and the ligand was ionic. Figure 4 shows the molecular diameter dependence of gas permeance at 200 for BTESM and Ag-BTESM membranes with different Ag concentrations (Si/Ag 9.5/0.5, 9/1, 8/2). Ag-BTESM membranes showed a trend whereby the permeance of H2 was higher than that of He, irrespective of Ag concentration, indicating that the Knudsen mechanism was dominant for these molecules due to the loose networks.
Gas permeance and permeance ratios at 200 as a function of Ag concentration are shown in , which was approximately 1/5 that of the Ag-BTESM (Si/Ag 9.5/0.5) membrane. However, the gas permeance ratios such as those for H2/CH4, H2/C3H6, H2/C3H8, and C3H6/C3H8 were approximately independent of Ag concentration, which was different from the trend in Al-BTESM membranes 29) . When Al was doped into BTESM, each permeance decreased as Al concentration increased, and the selectivity (H2/N2, H2/CH4) increased largely. For example, the permeance of H2 for an Al-BTESM membrane (Si/ Al 8/2) was 10 % that of a BTESM membrane with high H2 selectivity (H2/CH4: 60, H2/C3H8: 2700) 29) . The doped Al appeared in networks of four-(Al(OSi)4), five-, and six-fold (coordination of Al 3 ions with Si _ OH groups) coordination 29) . The incorporation of Al in BTESM networks and/or coordination with Si _ OH groups can densify the networks and enhance molecular sieving separation by densified networks, resulting in increased gas selectivity with decreased gas permeance.
On the other hand, the presence of Ag ions in BTESM network, as suggested in Fig. 3 , had no effect on the BTESM network size. Thus, the smaller permeance for Al-BTESM than Ag-BTESM membranes can be ascribed to the smaller network size, as suggested in Fig. 2(b) . The exact reason remains unknown at this stage, but the decreased permeance compared to BTESM membrane can be mostly ascribed to the pore blockage by coordinated Ag ions (Ag ion radius: 0.1-0.128 nm 32) ), due to the fact that each membrane was fabricated with the same number of sol coats under the same calcination conditions (200 , air). Figure 6 shows the temperature dependence of C3H6 and C3H8 permeance through Al-BTESM (Si/Al 9/1) 29) and Ag-BTESM (Si/Ag 9/1) membranes. The Al-BTESM membrane showed activated permeation properties for C3H6 molecules and Knudsen permeation properties for C3H8 molecules. Burggraaf 33) reported that the overall permeation properties of adsorptive molecules depends on a balance of the kinetic diffusivity and the concentration gradient by adsorption. Since the network size of the Al-BTESM membrane was smaller than that of BTESM or Ag-BTESM membranes, as suggested in section 3. 1., the activated permeation of C3H6 molecules through Al-BTESM can be ascribed to molecular sieving rather than to adsorption.
2. C3H6/C3H8 Permeation Properties through Metal-doped BTESM Membranes
The Ag-BTESM membrane showed surface diffusion properties for C3H6 molecules and Knudsen permeation properties for C3H8 molecules that compared to those of the BTESM membrane 18) . Due to the different temperature dependencies of C3H6 permeance, the Ag-BTESM membrane showed a trend toward increases in C3H6/C3H8 selectivity with decreases in temperature, while C3H6/C3H8 selectivity was decreased with decreases in temperature for the Al-BTESM membrane. Figure 7 shows the relationship between the C3H6/ C3H8 permeance ratio at 200 and the C3H6/C3H8 permeance ratio at 50 for BTESM, Al-, and Ag-BTESM membranes. The permeance ratio plotted in this figure was obtained from the single gas permeation for each membrane. BTESM and Ag-BTESM membranes showed a trend whereby C3H6/C3H8 selectivity at 50 was higher than that at 200 . Both membranes showed comparable C3H6/C3H8 permeance ratios of as high as 10 at 200 , but the Ag-BTESM membrane showed a much higher C3H6/C3H8 permeance ratio at 50 compared with that of the BTESM membrane. This indicates that both membranes had approximately the same network size for C3H6/C3H8 separation, as suggested in Fig. 5 , since the permeance ratio at 200 can be dominated by molecular sieving. At 50 , however, Ag ions in BTESM network enhanced the surface diffusion properties of the C3H6 molecules.
Al-BTESM membranes showed approximately the same C3H6/C3H8 permeance ratio of less than 10, irrespective of temperature, but in the case of C3H6/C3H8 permeance ratio higher than 20, the selectivity at 200 was higher than that at 50 due to the trend in the activated permeation of C3H6 molecules via molecular sieving.
Values for activation energy were obtained by regressing the modified gas translation (GT) model 34) to quantify the effect of doped material on C3H6/C3H8 permeation properties, which placed the temperature dependence of gas permeance at higher than 100 . Figure 8 shows the relationship between a C3H6/C3H8 permeance ratio of 50- 200 and the activation energy of C3H6 permeation. It should be noted that a positive value for activation energy indicates that molecules can permeate through a smaller network size via activated permeation; a negative value for activation energy indicates surface diffusion with a strong affinity between the permeating molecules and the membrane. BTESM membranes showed negative values for activation energy, 7 to 2 kJ mol -1 , which indicated that permeation had occurred along the concentration gradient of adsorptive C3H6 molecules.
Ag-BTESM membranes showed negative values for activation energy ( 10 kJ mol -1 ) that were smaller than those for BTESM membranes. The C3H6/C3H8 selectivity was increased with smaller activation energy, resulting in higher C3H6/C3H8 selectivity at smaller activation energy ( 10 kJ mol 1 ). Thus, it can be concluded that the enhanced surface diffusion properties of C3H6 molecules rather than BTESM membranes can be ascribed to the affinity between Ag ions in BTESM network and C3H6 molecules. Al-BTESM membranes, however, showed approximately positive values for activation energy that were as high as 3 kJ mol -1 , and a selectivity for C3H6/C3H8 that was increased with increases in activation energy. These results indicated that molecular sieving dominated the C3H6/C3H8 permeation properties through Al-BTESM membranes.
C3H6/C3H8 Binary Separation through Metal-
doped BTESM Membranes Binary separation was conducted for an Ag-BTESM (Si/Ag 9/1) membrane to evaluate the effect of the pressure ratio (feed pressure/permeate pressure) and temperature on the separation properties of C3H6/C3H8. for an Ag-BTESM (Si/Ag 9/1) membrane. In both figures, the dash curve shows the calculated mole fraction of C3H6 in permeate (downstream) as a function of the mole fraction of C3H6 in the feed (upstream) using the pressure ratio and an ideal selectivity of 19 18) . When binary separation was conducted at a pressure ratio of 4 (feed: 400 kPa, permeate side: 100 kPa), the C3H6/C3H8 selectivity obtained by binary separation was 32.5, which was higher than the ideal selectivity ( 19) for single-gas permeation. A slight increase in the C3H6 permeance with a decreased C3H6 mole fraction in the feed side was due to surface diffusion properties. A similar trend was confirmed in the separation property obtained at a pressure ratio of 2 (feed: 200 kPa, permeate side: 100 kPa). The C3H6/C3H8 selectivity obtained by binary separation was 31.3, which was higher than the ideal selectivity ( 19) , but the selectivity by binary separation was approximately the same, irrespective of differences in the pressure ratio. Figure 10 shows the relationship between αsin and αmix for C3H6/C3H8 separation through BTESM, Al-, and Ag-BTESM membranes. It should be noted that the values for αmix were obtained from binary separation and those for αsin were obtained from single-gas permeation. Binary separation was conducted for each membrane using the feed side at 200-400 kPa and the permeate side at atmospheric pressure with a C3H6 concentration feed of approximately 50 mol%. BTESM, molecules.
On the other hand, BTESM, Al-, and Ag-BTESM membranes showed values for αmix that were higher than those for αsin at 50 . The αmix/αsin ratios for Ag-BTESM membranes were higher than those for the BTESM membranes. For example, when membranes showed values for αsin of approximately 20, the Ag-BTESM membranes showed values for αmix of approximately 30, which were higher than the values for either the BTESM ( 25) or the Al-BTESM ( 22) membranes. If the affinity between Ag ions in BTESM networks, as suggested in Fig. 3 , and the C3H6 molecules enhanced the surface diffusion properties of the C3H6 molecules, the adsorbed C3H6 molecules could have hindered the permeation of C3H8 molecules during binary separation.
Conclusions
Metal-doped organosilica membranes for C3H6/C3H8 separation were fabricated via a sol-gel method. Gas permeance ratios such as H2/CH4, H2/C3H6, H2/C3H8, and C3H6/C3H8 were approximately independent of Ag concentration, indicating that network size did not change when doped Ag existed as Ag ions in BTESM networks. On the other hand, when Al was doped into BTESM, each permeance decreased as Al concentration increased, and the selectivity (H2/N2, H2/CH4) increased largely because of enhanced molecular sieving separation by densified networks.
Ag-BTESM membranes showed negative values for activation energy ( 10 kJ mol -1 ) for C3H6 permeation, which were a much smaller values than those for BTESM ( 7 kJ mol -1 ) and Al-BTESM ( 3 kJ mol -1 ) membranes. Ag ions in BTESM network enhanced the surface diffusion properties of the C3H6 molecules.
BTESM, Al-, and Ag-BTESM membranes showed values for αmix that were higher than those for αsin at 50 . For example, Ag-BTESM (Si/Ag 9/1) membrane showed higher C3H6/C3H8 selectivity ( 32.5) than ideal ( 19) at 50 , but the selectivity by binary separation was approximately the same, irrespective of a different pressure ratio (feed pressure/permeate pressure). The αmix/αsin ratios for Ag-BTESM membranes were slightly higher than those for the BTESM membranes. 
